Abstract-In this paper we address the issue of store-carry and forward (SCF) relaying within a cell in a mobile network. The proposed scheme can be considered as a generalization of various multihop wireless relaying schemes, where storing and carrying an information message by a mobile relay node is not allowed. The key motivation of utilizing SCF relaying within the cell is that energy consumption levels can be dramatically reduced by capitalizing on the inherent mobility of nodes and the elasticity of Internet applications. In that respect, we consider a novel multihop cellular architecture to achieve energy savings both at the network side (i.e., Base Stations) and at the user terminals. The proposed scheme makes use of mobility information of relays (vehicles) while roaming inside the cell to device flows that could achieve maximum energy savings. We show that under SCF relaying large energy savings can be achieved by tolerating a controlled delay over the initiated service.
I. INTRODUCTION
Fixed and/or mobile wireless non-regenerative or regenerative multihop relaying is currently considered as one of the most fundamental architectural elements to be integrated into the next generation of wireless networks. The rational of incorporating multihop transmissions within the cell are multifaceted. The most well documented ones relate to the ability of multihop relaying to enhance cell coverage, spatial reuse of the scarce wireless resources and user throughput, especially at the cell edge, compared to traditional cellular architectures. Another seminal aspect of multihop architectures that has more recently attracted research attention is their potential to reduce energy consumption. Energy consumption has become imperatively important for network operation since the accumulated affect of increased data rates and volume of data traffic may lead to unsustainable requirements on energy consumption in wireless networks.
The store carry and forward relaying that we study hereafter differs drastically from traditional Delay Tolerant Networks (DTNs) in the following two ways. Firstly, the topology we consider is not sparse but rather on the opposite, within the cell full connectivity can be assumed. Secondly, the messages between mobile relay nodes is not arbitrarily replicated but the replication can be orchestrated by the BS. SCF also differs from traditional relay-based techniques in wireless networks, which operate in a decode-and-forward (DF) manner, since in a DF mode nodes are not allowed to store a message and retransmit it at a later time period. Furthermore, in the proposed SCF scheme transmissions are taking place in chunks rather than on a per packet basis: such operation could potentially help to further reduce the energy consumption by minimizing the required processing and protocol overhead. In the proposed network architecture we utilize the delaytolerance of elastic services and study the gains achieved by incorporating this additional dimensionality into the system compared to a baseline multihop relaying scheme. A cellular system in this case makes use of mobility information of relays in the cell to decide on the best possible relaying strategy to minimize the overall energy consumption in the cell. Mobile relays, which are assumed to be vehicles, are thus employed to carry information from the source (a stationary mobile node) to the destination (BS) while traversing the cell. In this network we identify three communicating entities: (1) pedestrian mobile users (U), (2) vehicular relay nodes and (3) base stations (BS) entities. Communication links are formed opportunistically between a pair of transceivers in which a vehicle is involved. In this highly dynamic network, users can transmit to the BS directly (link 1 in figure 1) or to a vehicle (link 2 in figure 1 ). Vehicles are able to transmit to other vehicles within range (link 3 in figure 1 ), transmit to the BS (link 4 in figure 1 ) directly or store the message for transmitting in a latter time interval when closer for example to the BS.
II. RELATED WORK Energy efficiency in wireless networks has received significant research attention recently. Cross layer design has been identified as a key architectural element for achieving energy savings in future wireless networks [1] , [2] . In [3] the authors provide a detail survey on strategies to conserve energy at different layers of the protocol stack.
In addition to cross layer design aspects a number of different works have exploited mobility information to reduce energy consumption. In [4] utilizing mobility prediction a number of different heuristics have been proposed to minimize the required energy consumption between two nodes. The main idea behind these heuristics is how to delay transmitting an information message based on the mobility patterns of the communicating nodes. The difference with this work is that in [4] an ad hoc network is assumed where nodes movement is based on the random waypoint mobility model and that source and destination may not be within transmission range. Movement prediction to reduce energy consumption by utilizing the fact that energy consumption increase super-linearly with the distance has also been explored in [5] . In that work a lower bound on the expected communication Euclidean distance is developed for any protocol that postpone transmissions to allow the sender and receiver to decrease their in-between distance. The work in [6] studies how by controlling the mobility of relay nodes in a MANET could be used to reduce the communication distance and communication energy between a group of nodes; such operation aims to effectively increasing the life time of the ad hoc network.
In terms of store-carrying and forwarding relaying the work in [7] [8] address the issue of interim connected networks and provide a delay tolerant networking architecture to handle various patterns of connectivity. This architectural perspective on handling discontinuous end-to-end communications is the baseline of this work but the fundamental difference with general Delay Tolerant Networks is that in our case delay is not incurred due to absence of direct connectivity between communicating nodes but it is explicitly exploited (even though there is direct connectivity) to achieve reduced energy consumption.
III. SYSTEM MODEL AND PROBLEM FORMULATION
A mathematical programming formulation is detailed in this section to illustrate the potential benefits in terms of overall energy reduction when utilizing SCF relaying within the cell. We consider a single cell with radius R. The BS covers a segment of the road where all mobile users in set M and vehicles in set N (traveling at a constant velocity v) are uniformly distributed across this road segment.
We further assume a constant density of vehicles along the stretch of the road and all vehicles are equi-distance apart. Normal traffic flow of vehicles is considered where no incidents or accidents occur and no overtaking is allowed. Under these conditions vehicles travel in an equilibrium state and thus their velocity will approximately remain the same at any time lag. Users and vehicles are equipped with a single radio and thus they can only receive and transmit from a single other unit at any time. All vehicles are assumed to have infinite buffer space and the vehicles can communicate with each other or with the BS directly. In the sequel we consider, without loss of generality, the uplink case where all users have a chuck of information of size F Mbits to send to the BS. All links are assumed to support a data rate of B Mbps. Based on that we define by δ = v · τ the distance covered by a vehicle when receiving or transmitting a chunk of information (where τ = F/B denotes the transmission time). We further identify three sources of energy consumption: (1) the electronic circuit at the nodes, (2) the energy consumed to transmit the information and (3) the energy consumed to receive the information.
The energy consumed per second in transmission can be described as follows,
where e t is the energy per bit consumed by the transmitter electronics and e d accounts for the energy consumption of the op-amp. The propagation losses for line-of-sight links (with communication distance r ≤ 220m) account for a bit energy consumption e los with a path loss exponent η = 2. For longer distances the signal is attenuated by multipath fading where η = 4 and the energy consumed per bit in transmission is e mp . At the receiving end, the energy consumed is
where e r is the energy per bit consumed by the receiver electronics.
In this time varying network, pedestrian mobile users are assumed to be static while vehicles travel with a constant velocity v. Thus a mobile user m ∈ M will have a relative velocityv = 0 in transmitting to the BS whilev = v in transmitting to a vehicle. A vehicle k ∈ N will have a relative velocityv = 0 in transmitting to another vehicle and v = v when transmitting to the BS. The energy consumed in transmission of a unit of flow between entities withv = 0 is given by:
where D ij is the distance between the pair of transceivers i and j. Whenv = v the transmission energy for a unit of flow is given by:
and a vehicle is moving away from the user or approaching the BS while
when D ij ≥vτ, {i ∈ M, j ∈ N } or {i ∈ N, j ∈ BS} and a vehicle is moving towards the user. Finally, To summarize, the following three assumptions are made: 1) All vehicle travel with the same constant velocity v and in the same direction.
2) The distance between two arbitrary vehicles k and l is constant over time and is given by D kl . 3) All radios are assumed to transmit at rate B Mbps.
In constructing the notation of the mathematical model we assume a single mobile user U and a single BS. We have N = {1, ..., n} vehicles placed on a line moving at a constant velocity and in the same direction. Initially vehicles are found a distance d k from a reference point on the line (the reference point is set to be the origin for mathematical convenience). 
We partition links L into two sets:
: set of links that represent transmission of information from one transceiver to another. L 2 : set of links that express the case where a vehicle carries a message towards the BS. In this case no transmission occurs.
Links L 1 are the set of links defined as follows: 
A. Energy and Delay cost
The energy consumed in transmission of a unit flow for links in L is as follows: (4)- (7). The delay per flow for all links in L is:
Therefore we can express the general cost function for a link in graph G as a weighted sum of the energy consumed in transmission and the delay incurred while traversing the link,
where λ is a weighting parameter of the delay cost for information to traverse the link i → j.
B. Capacity and Supply/Demand
The capacities on all links are expressed as follows:
The supply and demand for all nodes i ∈ V can be expressed as
For the transformed network in figure 2 the following observations are made. Firstly, for every vehicle k in the one dimensional realisation of the cell we populate (k, p) : k ∈ N, p = 1, ..., a k discrete positions in a time expanded network. Using this transformation an equivalent static network (over all time periods) is created. Secondly, in the time expanded network graph, link i → j connecting a moving transceiver with any other radio will accommodate a specific flow. Due to mobility of either one of the communicating parties and the descritization in time, link i → j will accommodate only that amount of flow through it. For any other flow the two communicating parties will be displaced by different lengths therefore another link w → z will be involved in the transmission. Thus only a single link connects two points together in this time expanded network. Note that in (12) we have restricted the capacity of link i → j ∈ L 1 to unit flow; such a restriction can be relaxed and due to space limitations we omit the proof.
C. Mathematical programming formulation
We consider M active users and N vehicles in a single cell as described above. Figure 3 shows two users and two vehicles in a time expanded network at two time periods. The optimal store-carry and forward relaying policy can be found by solving the following linear integer mathematical program, subject to,
The objective function (14) 
IV. NUMERICAL INVESTIGATIONS
In this section we investigate how the proposed scheme operates over different scenarios by solving the optimization problem described in section III-C. The aim is to demonstrate the associated energy-delay tradeoffs that arise due to the SCF relaying. where h t = h r = 1.5m is the transmit/receive antenna height. We investigate a scenario where the cell radius is R = 400m, and there are 10 static users and 20 vehicles. In addition to single-hop (SH) transmission the SCF relaying scheme is compared with a baseline multi-hop (MH) relaying strategy, where relays forward the complete message as soon as it is received. To this end, we repeat the simulations with the same parameter values as in Table I and compare our results.
The optimal energy-delay curve in figure 4 shows the average energy and average delay per user in the network. In this figure the lower light grey region encloses all points where some vehicles store and carry information while in transit. The region above includes only points of the multihop strategy while the top dark grey region includes the point of the traditional single-hop transmission. Considerable energy savings are achieve by SCF over SH and MH. For SCF there is a drop in energy consumption by more than an order of magnitude at a maximum of a 30 second delay. Importantly the proposed SCF achieves reduced energy consumption at the same delay with the basic MH paradigm (the region left of the vertical dashed line). As shown in figure 4 the MH points lying inside the ellipse are dominated by the lower energy points of The average energy gain achieved over the MH strategy is plotted in figure 5 . As shown in the figure, energy gains well above 60% are observed in the network for elastic services. It must be noted that this gain is heavily affected by vehicle density. As road density decreases MH paths are more costly while SCF paths remain unaffected. Effectively the gain achieved by SCF increases over the MH scheme for less dense topologies. Finally, in figure 6 Pareto efficient curves are shown for cells with cell radius 800 and 400m. Note from that figure that with increased cell radius the energy gains are increased as more delay is tolerated.
V. CONCLUSIONS
In this paper we consider a novel multihop cellular architecture to achieve energy savings within the cell. In this architecture we explore the delay-tolerance of elastic services An integer linear program is formulated for deriving optimal SCF relaying policies. Numerical investigations reveal that large energy gains can be obtained compared to a baseline multihop relaying strategy suggesting that SCF could be considered as a promising architectural element to achieve energy savings within the cell. 
